Somatosensory evoked cortical potentials (SSEP's) were recorded in 27 healthy subjects using tibial apd peroneal nerve stimulation with cephalic and non-cephalic references. Four major peaks were present in all recordings. Analysis of these components showed that SSEP's collected after tibial nerve stimulation with noncephalic reference (linked earlobes) produced the most consistent clearly defined component peaks. Average latency, amplitude, and interpeak latency differences are presented for these SSEP's. Significant correlations were obtained between the height oftbe individual and the P~, N2, P2, and N3 latencies, and the N3-PI interpeak latency. These results suggest that reproducible SSEP's can be obtained from tibial nerve stimulation in normal subjects using minimal numbers of stimulus presentations (28 to 64).
I
T has been reported that, somatosensory evoked cortical potentials (SSEP s) obtained after tibial or peroneal nerve stimulation offer a noninvasive means of measuring the functional integrity of the posterior column sensory pathway of the spinal cord. 6, 9-11,19,22 Several studies have shown that SSEP's may be useful for predicting recovery or lack of recovery of sensory and/or motor function after spinal cord trauma. 2~ The absence of SSEP's indicates a complete spinal cord lesion with no recovery of function likely.18-2~ The presence of SSEP's shortly after injury has been shown to indicate an incomplete lesion with possible subsequent recovery of sensory and/or motor function. 20,2~
Recovery of SSEP's in patients with spinal cord injury has been reported to precede 2,2~ or paralleF 8 neurological recovery. However, there is also evidence to suggest that the presence of SSEP's is not always associated with any recovery of motor function. 26 Motor function recovery is problematic since SSEP's show activity of the sensory fibers predominantly in the posterior spinal cord, 3 whereas many motor pathways are in more dorsolateral and anterior portions of the cord 15'~6 and have a different blood supply. 14 Several recent papers have reported normative data on peak and interpeak latencies of the SSEP, all using different stimulating, recording, and/or averaging routines. 1'12'21'24 '25 Others have reported the effects of variables such as the subject's height and leg length on these latency values. 6'8'1s The reported normative values are very similar in these studies, although there are some differences in the labeling and latency values of the major peaks of interest. Thus, before evaluating patients with spinal cord injury on the basis of SSEP data, it was necessary to collect normative data utilizing stimulating, recording, and averaging techniques that would remain constant during two patient recording sessions.
The present study evaluates two SSEP monitoring systems which use different recording and stimulating montages in order to determine which method produces more clearly defined and reproducible SSEP's. Each method is based upon the delivery of minimal numbers of stimulus presentations, as our main goal was to develop a system that provides reproducible, clearly defined SSEP's while remaining cost-and time-efficient, and producing minimum patient discomfort. After the best stimulating recording technique was identified, normative peak and interpeak latency and amplitude values were calculated. In addition, the relationships between SSEP component latency values and the subject's height were calculated. Since changes in peak latency and/or morphology have been reported after spinal cord trauma, 2,18,t9,23 we used the regression equations relating the subject's height to peak and interpeak latency values and to peak amplitudes in evaluating a series of patients with spinal cord trauma. We report the relationships between the SSEP data and neurological findings on sensory and motor function, as well as the specific types of SSEP changes that occurred after spinal trauma.
Clinical Material and Methods

Individuals Tested
Normal Subjects. To obtain normal data for SSEP's elicited after tibial and peroneal nerve stimulation, we tested 27 graduate and medical students with no known neurological deficits. This sample consisted of 16 males and 11 females with a height of 176.3 ___ 9.9 cm (mean __+ standard deviation).
Patient Population. The SSEP's were elicited by tibial nerve stimulation in 34 individuals admitted to the University Hospital after trauma to the spinal column or due to the development of neurological symptoms. The lesions were caused by motor-vehicle accidents in 21 cases, gunshot injuries in two, stabbing in one, serious falls in six, an extradural cyst in one, and metastatic disease in three. Table 1 presents demographic data about the patients included in the present study. Only patients whose tibial SSEP showed some reproducible waveforms across two separate testing trials were included in the present study. The patients were placed into three major groups based upon the results of their neurological examination. Patients were evaluated several weeks to months after the initial injury when a definitive rehabilitation program was completed and the patient exhibited his maximal clinical recovery. Group I individuals had clinically incomplete lesions with a neurological examination showing normal motor and sensory findings (eight cases). Group II patients had clinically incomplete lesions but showed some deficit in both sensory and motor function, such as decreased sensitivity to pinprick and lower-extremity weakness (10 cases). Group III patients had signs of clinically complete lesions and showed no sensory or motor activity below the level of the lesion (13 cases). In addition, there were three individuals who showed signs of clinically incomplete lesions, but who did not fit into the other three groups: two patients revealed normal sensory findings but decreased motor function (Group IV); and one patient showed normal motor function but decreased sensory findings (Group V).
Equipment and Recording Techniques
All SSEP's were recorded using a Nicolet CA1000 signal averager* with bandpass filters set at 1 and 100 Hz and the signal amplified by a factor of 104. Constantcurrent square-wave pulses of 200-gsec duration were delivered at a rate of 2.7/sec. Pulses were delivered by silver chloride disc stimulating electrodes placed over the right tibial nerve at the medial malleolus and over the deep peroneal nerve on the dorsal surface of the foot. Current strength was determined separately for each subject by finding the motor threshold (the lowest setting necessary to elicit movement of the toes). The mean current strength delivered was 10.8 + 1.7 mAmp. In spinal cord-injured patients in whom no twitch was obtained, current levels were set at 19.9 mAmp. The average current used was 9 mAmp for Group I, 16 mAmp for Group II, 16.6 mAmp for Group III, 8 mAmp for Group IV, and 12 mAmp for Group V. The SSEP's in all patients were recorded from Cz referenced to linked earlobes, with the ground placed on the stimulated leg. A Grass needle recording electrodet was inserted in the scalp at Cz (International 10-20 System) referenced to either linked earlobes or to Fz, and impedance was maintained below 5 kOhm. The SSEP data were based upon 28 to 64 stimulus presentations. The criterion for test completion was the collection of * Nicolet CA 1000 signal averager manufactured by Nicolet Instrument Corp., Madison, Wisconsin.
t Grass needle recording electrode manufactured by Grass Instrument Co., Quincy, Massachusetts. When two reproducible SSEP's were obtained, the data were plotted on 8 x 15-cm cards using the Nicolet CA I000 plotter. Analog to digital conversion (using a Jadestar A/D with a Z80A microcomputer and a Summagraphics digitizing pad) allowed each SSEP to be converted into 128 amplitude values which were stored on floppy discs. Each SSEP was analyzed for 145 msec starting 5 msec after stimulus presentation in order to remove any stimulus artifact. The data were transferred via m o d e m to the university's mainframe computer for statistical analysis.
Results
Normative Study
A principle components factor analysis with varimax rotation was used to characterize the major components of the SSEP's obtained after peroneal and tibial nerve stimulationY 3 The data consisted of a matrix of 128 amplitude values for each of 216 SSEP's. This matrix was determined by the factorial combination of 27 subjects x two stimulus locations (tibial versus peroneal stimulation) x two reference electrode sites (Fz versus linked earlobes) x two repetitions. This factor analytical procedure defines waveform components by identifying amplitude values across all SSEP time points which covary together in time. Factor scores, computed for each component, represent a parameter weighted in terms of the contribution of each component to each individual SSEP collected.
The factor analysis identified nine factors accounting for 89.2% of the total variance across all SSEP's. Table  2 nine components used to describe these waveforms. These components, presented from the beginning of the recording interval to the end of the evoked waveform, corresponded to the major peaks. Factor 1 describes the SSEP from 5 to 40 msec after stimulus, which for 84% of the SSEP's collected included an initial negative peak (NO; Factor 2 describes the first positive peak (P0, which was evident in all of the waveforms obtained; Factor 3 describes the second negative peak (N2), which was also evident in all waveforms; Factor 4 describes the second positive peak (P2); Factor 5 describes a third negative wave (N3); and Factors 6 through 8 describe the final positive peak (P3). Factor 9 represents the last 38 msec of the SSEP, and showed great variability among individual subjects.
Factor scores were calculated for each identified component of the SSEP's obtained. Analysis of variance techniques was used to determine the effects of each independent variable on each component of the SSEP. Separate two (tibial versus peroneal stimulation) x two (repetitions) x two (referenced to Fz/earlobes versus Fz/Cz) repeated measures of analysis of variance were computed on the factor scores associated with each identified component of the SSEP. the combined mean waveform for normal peroneal and tibial SSEP's. In general, SSEP's collected after tibial nerve stimulation showed higher amplitude and more clearly defined peaks than did those obtained after peroneal nerve stimulation. Significant differences (p < 0.0006) occurred between tibial and peroneal SSEP's for those components referred to as P~, N2, N3, and P3. . The major components of the waveforms were more clearly defined using linked earlobes as the reference electrodes. None of the interactions involving stimulation site, repetitions, or reference site were significant. These findings suggest that the most clearly defined SSEP's were recorded after tibial nerve stimulation while recording from Cz/linked earlobes. Therefore, normative data are presented using this stimulating and recording montage.
Normative Latency and Amplitude Values. The means and standard deviations of the latency, interpeak latency, and amplitude values of all major components of the tibial nerve SSEP's in normal subjects are presented in Table 3 . Amplitude values were calculated by taking peak-to-peak differences (for example, the N2 amplitude was calculated as the difference from the peak of P~ to the lowest point in N2). Mean amplitude values were calculated for P~, N2, P2, and N3. These mean latency and amplitude values are in close agreement with previously reported normative data collected with more stimulus repetitions per average (128 to 2000 repetitions), as well as using slightly different stimulation and recording techniques. 2'2"26 The means and standard deviations (SD's) of the interpeak latency differences across all major components of the SSEP's except for differences in N3 and P3 are shown in Table   3 . The NI and P3 interpeak latency differences were not obtained because these components were quite variable across individual subjects and were not clearly evident in all individual SSEP's obtained. Across all components the standard deviation of the latency values ranged between 4 and 5.7 msec, with the variability increasing for the later components. Some of this variability can be accounted for by differences in the heights of our subjects since this variable has been shown to correlate with peak latency values. 8 
'~3
Height Correlated with Peak and lnterpeak Latencies. Pearson product-moment correlations were calculated between the height of each subject and the latencies of the major components as well as with the interpeak latency differences (N2-P~, P/-P~, N3-P1, P2-N2, and N3-P2). The correlations between subject height and peak latency were significant (p < 0.001) for all components except N~ (P~, r = 0.59; N2, r = 0.58; P2, r = 0.48; N3, r = 0.55). Differences in height accounted for between 23 % and 35 % of the variability in peak latency values. The only correlation to reach significance for the interpeak latency differences was the correlation between subject height and N3-P~ (r = 0.41, p < 0.003).
Spinal Cord-Injured Patients
The two SSEP's collected from each cord-injured patient were compared with data obtained from the normal control subjects (Table 3) . Three separate types of comparison were made. The first comparison concerned the latencies ofP, N2, P2, and N3 across the two SSEP's collected from each patient. A peak latency was determined to be abnormal if it occurred more than 5 msec from the peak latency predicted from the regression equation relating each peak latency to subject height. Table 4 presents the regression equations used to predict peak latency and interpeak differences. The second comparison involved the interpeak latencies (NE-PI, P2-P~, N3-P~, PE-N2, and N3-N2) found for our normal sample and those obtained in the patient groups. Because the correlation between height and the N3-P~ interpeak latency was significant for normal sub- jects, we used the associated regression equation to predict the N3-PI interpeak latency for each patient. Again, an interpeak latency was judged abnormal if it was more than 5 msec different from the predicted latency (N3-P0 or more than 1.5 SD from the normative values (N2-P~, P2-P~, P2-N2, N3-P2). Taking subject height into account, 5 msec would be equal to approximately 1.5 SD above mean. The third comparison examined the average peak amplitudes of P~, N2, P2, and N3 found for the normal individuals and the patient population. Peak amplitudes were judged abnormal if they were more than 1.5 SD lower than the amplitude values found for normal subjects. Peak Latency Values. Peak latencies of Pj, N2, P2, and N3 were computed for each of the two evoked waveforms collected from each patient (eight total values). The number of abnormal peak latencies was determined by comparing these values with those predicted by the regression equations. Two such determinations were made. The first classified a latency value as abnormal if it differed from the predicted latency by more than 5 msec in either direction. The second classified a latency value as abnormal only if the value was more than 5 msec greater than that predicted. Separate one-way analyses of variance were then computed on each method to determine whether the first three patient groups differed from one another in terms of number of abnormal latency values. The results of both methods were significant: both directions, F(2,28) = 6.8, p < 0.01; greater than predicted, F(2,28) = 6.8, p < 0.01. Multiple comparisons using the NewmanKeuls test revealed that patients who had normal sensory and motor neurological findings (Group I) had fewer abnormal peak latencies (mean 1.1 or 3.2 for the two methods) than did those patients showing decreased sensory and decreased motor findings (Group II) (mean 4.6 or 5.3) and those showing clinically complete lesions (Group III) (mean 3.9 or 5.7). The latter two groups were not significantly different from one another. These comparisons were identical across both methods. Table  5 presents the percentage of abnormally increased or decreased latency values found for each SSEP peak separately for each group of patients. Table 5 also shows these values as a function of the level of the spinal cord trauma for each group of patients. These results indicate that the three patient groups can be distinguished from the normal population, and that spinal cord trauma patients with no neurological losses can be distinguished from patients with some sensory and motor loss. The two patients with normal sensory findings but with decreased motor function averaged four abnormal latency values. All eight latency values were abnormal for the single subject with normal motor but decreased sensory findings. Across all patients, the abnormal latency values were evenly distributed for P~, N2, P2, and N3.
Interpeak Latency Differences. Interpeak latency differences were computed for the two SSEP's collected from each patient. These interpeak latency differences involved N2-P~, P2-P~, P2-N2, N3-PI, and N3-P2. The number of abnormal latency differences for each waveform was determined by comparing these values to those predicted by the regression equation for N3-PI or to the normative values for the other interpeak differences. A one-way analysis of variance was computed comparing the number of abnormal latency differences across the three patient groups. The results were significant, F(2,28) = 7.1, p < 0.01. Subsequent multiple comparisons showed that those patients with normal neurological findings had fewer abnormal latency dif- ferences (mean 2.6) than did those patients with decreased motor and decreased sensory findings (mean 5.6) and those patients with clinically complete lesions (mean 4.6). The latter two groups did not differ from one another. Overall, the largest number of abnormal latency differences was associated with the Na-P~ latency difference. The percentage of abnormal findings associated with each interpeak latency difference is presented in Table 6 as a function of patient group and spinal cord trauma level. The two patients with normal sensory and decreased motor findings averaged one abnormal interpeak latency value, while the patient with decreased sensory and intact motor function showed no abnormal interpeak latency differences. Peak Amplitude Values. The amplitudes of P1, N2, P2, and N3 were computed for each of the SSEP's collected using peak-to-peak measurements. The number of abnormally low latency values was determined by comparison with the normative data. An amplitude value was considered abnormal if it was more than 1.5 SD below the normal value. An analysis of variance comparing the three patient groups was not significant, F(2,28) = 0.55. The patient groups could not be distinguished from one another on the basis of peak amplitude values. Overall, the mean number of abnormal peak amplitude values was 2.8 for Group I, 2.4 for Group II, and 3.5 for Group III. Although these three patient groups showed decreased amplitude values in comparison to the normative sample, they could not be distinguished from one another using this index. The two patients with normal sensory findings and decreased motor findings had no and three abnormally low amplitude values, respectively, while the patient showing normal motor function and decreased sensation had eight abnormally low amplitude values.
Discussion
The results of the normative study show that clearly defined SSEP's were obtained after tibial nerve stimulation by recordings at Cz referenced to linked earlobes. Lower amplitude SSEP's with less clearly defined major peaks were recorded when the peroneal nerve was stimulated and/or when Fz was used as the reference electrode. These data show that reproducible SSEP's can be obtained with only minimal stimulus presentations (28 to 64). All SSEP waveforms were very well described by nine components. The components representing PI, N2, P2, and N3 were the most clearly delimited across individual waveforms. Factors 6 through 8 (Table 2) , represented by P3, occurred at the end of the recording interval and were quite variable and not easily identified across individual subjects. The initial negative peak, N~, was clearly distinguishable in 84% of the individual waveforms. Thus, the most clinically useful peaks for interpreting findings from patients appear to be P1, N2, P2, and N3. It is likely that PI represents the primary cortical response. The latency of this component (mean 43 msec) suggests that it arises from thalamocortical generators and that all subsequent components (N2 to P3) are of cortical origin. 4"7 ' 17 The results of the comparisons between SSEP's collected from normal subjects and those obtained from spinal cord-injured patients provide evidence that the SSEP is a useful tool for determining the extent of spinal cord trauma. It can also have some value in predicting the likelihood of recovering sensory and/or motor function. The patients who showed no sensory or motor deficits could be distinguished from those showing sensory and motor deficits on the basis of the number of abnormal peak latencies and the number of abnormal interpeak latency differences. However, these patient groups could not be distinguished on the basis of peak amplitude values. The group showing decreased sensory and decreased motor function could not be distinguished from the group showing no return of sensory or motor function on the basis of any of the measures reported in this paper. Thus, SSEP's were not useful for distinguishing patients who would recover some limited level of sensory and motor function from the group of patients who showed no recovery of sensory and motor function. In both cases, the abnormal SSEP's indicate some compromise to sensory fibers in the spinal cord.
In agreement with other reports in the literature, it appears that the total absence of SSEP's after spinal cord trauma is indicative of a complete lesion with little or no possibility of recovering sensory and/or motor function. 2~
Conversely, the presence of reproducible SSEP's does not always predict recovery of sensory and motor function. 26 Before any prognostic decision is based on the SSEP data, the peak latency and interpeak latency values of the SSEP's should be compared with normative values. These comparisons must take into account the height of the individual patient, since a significant correlation between latency values and height was found in this and other studies. 6,8,13 Once these comparisons have been made, the SSEP does have prognostic value. Of the eight patients who showed normal sensory and motor findings, none revealed more than three abnormally increased peak latency values. Conversely, of the 10 patients who showed decreased sensory and motor function, only one patient had less than three abnormally increased peak latency values. Three of the 13 patients with complete lesions showed less than three abnormally increased peak latencies. However, each of these patients showed several abnormally early peaks and/or several abnormally increased interpeak latency values. Although the three patient groups could not be distinguished from one another on the basis of abnormal amplitude values, it should be noted that the majority of patients with complete spinal cord lesions showed abnormally low amplitude SSEP's throughout the entire waveform. Conclusions about the prognostic importance of amplitude values are difficult to draw due to the inherent variability even in normal subjects under controlled recording conditions, and particularly under the recording conditions in which spinal cord patients are evaluated.
In conclusion, we believe that the methodology reported within this paper provides a useful indicator of spinal cord integrity after spinal trauma. The attainment of reproducible SSEP's with peak and interpeak latency values within normal limits should predict some neurological recovery.
